ABSTRACT A three-dimensional model for release and diffusion of glutamate in the synaptic cleft was developed and solved analytically. The model consists of a source function describing transmitter release from the vesicle and a diffusion function describing the spread of transmitter in the cleft. Concentration profiles of transmitter at the postsynaptic side were calculated for different transmitter concentrations in a vesicle, release scenarios, and diffusion coefficients. From the concentration profiles the receptor occupancy could be determined using a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor kinetics. It turned out that saturation of receptors and sufficiently fast currents could only be obtained if the diffusion coefficient was one order of magnitude lower than generally assumed, and if the postsynaptic receptors formed clusters with a diameter of roughly 100 nm directly opposite the release sites. Under these circumstances the gradient of the transmitter concentration at the postsynaptic membrane outside the receptor clusters was steep, with minimal cross-talk among neighboring receptor clusters. These findings suggest that for each release site a corresponding receptor aggregate exists, subdividing an individual synapse into independent functional subunits without the need for specific lateral diffusion barriers.
INTRODUCTION
The original model of quantal synaptic transmission at the neuromuscular junction suggested that quantal size is determined by the amount of transmitter released from one vesicle (Del Calstillo and Katz, 1954) . More recently it has been proposed that quantal size at central synapses is determined by the size of the postsynaptic receptor cluster sitting opposite the release site (Redman, 1990) . This hypothesis requires a transmitter concentration that saturates the receptors. There is now additional evidence for a saturation of receptors during synaptic transmission, based on the effects of competitive antagonists to N-methyl-D-aspartate (NMDA) receptors (Clements et al., 1992; Tang et al., 1994) . However, two recent observations are difficult to reconcile with the hypothesis of receptor saturation. First, it has been shown that even at single synaptic terminals, miniature currents attributed to the spontaneous release of transmitter from single vesicles show a large variation in amplitude (Bekkers et al., 1990; Liu and Tsien, 1995; Vogt et al., 1995) . This variation is difficult to explain with the hypothesis that all miniature currents are determined by receptor saturation. Second, recent evidence for multivesicular release would constitute a redundant mechanism if receptors are saturated by the transmitter released from a single vesicle (Tong and Jahr, 1994) . We have recently reported that the currents induced by the exposure of glutamate to single synapses are much larger in amplitude than quantal synaptic currents originating from identical sites, suggesting that only a fraction of the receptors are occupied during quantal release (Vogt et al., 1995) . On the other hand, we showed in the same publication that nonstationary variance analysis of quantal currents was best interpreted in terms of receptor saturation. These conflicting results lead us to suggest that postsynaptic receptors may form several independently operating subclusters opposite single terminals. To evaluate whether this model would hold in the absence of any lateral diffusion barriers between subclusters of receptors, we tried to estimate the size of the postsynaptic membrane patch exposed to saturating concentrations of transmitter originating from a single vesicle. We show that the problem can be solved analytically. The results suggest that saturation of postsynaptic receptors can only be achieved if the diffusion coefficient of glutamate in the synaptic cleft is one order of magnitude lower than generally assumed (cf. Wathey et al., 1979; Bartol et al., 1991; Holmes, 1995) and if the postsynaptic receptors form clusters with a radius of 50-100 nm opposite release sites. Under these circumstances the concentration profile of transmitter at the postsynaptic side is such that several release sites may operate independently of each other at one synaptic terminal.
Model General framework of the model
The distribution of transmitter in the synaptic cleft after the release of a vesicle depends on a number of parameters: the time course of release of transmitter from the vesicle, the diffusion coefficient in the synaptic cleft, the geometrical configuration of the synaptic cleft, the binding of transmitter to the postsynaptic receptors or reuptake transporters, and the eventual breakdown of transmitter in the cleft. For many of these parameters we lack precise experimental data. Recent attempts have been made to describe the re-lease process (e.g. Bruns and Jahn, 1995) and the spread of transmitter in the synaptic cleft for central and peripheral synapses (Clements et al., 1992; Colquhoun et al., 1992; Barbour et al., 1994) . All models (Wathey et al., 1979; Busch and Sakmann, 1990; Bartol et al., 1991; Faber et al., 1992; Holmes, 1995; Wahl et al., 1996) are based on instantaneous release. (The model of Wahl et al. (1996) was extended, taking into account the release of transmitter from a spherical vesicle driven by diffusion.) Recent experimental evidence from cultured leech neurons (Bruns and Jahn, 1995) suggests that this is probably not a realistic assumption. Therefore we used an approach where the model could be used for any instantaneous and continuous release functions.
Outline
The following framework was defined for the analysis. The released transmitter propagates freely across the cleft according to the diffusion equation. The treatment of the diffusion process is presented in the next section. The assumptions presented above allow a fully analytical description and lead to a solution of the three-dimensional diffusion equation with a continuous source term. The diffusion process is treated first to point out that it is independent of any choice of parameters (diffusion coefficient, source function). For details about the derivation of the solution we refer the interested reader to the Appendix. The parameters are specified, beginning with the geometry of the synaptic structure and the concentration of transmitter in the vesicle (see Transmitter Release, below). The transmitter is released from a single vesicle according to the real-time measurement done by Bruns and Jahn (1995) . The geometrical parameters of the synaptic structure and the concentration of transmitter in the vesicle were chosen as described by Clements et al. (1992) (Transmitter Release) . Ultrastructural evidence (cf. Fig. 1 ) suggests that the synaptic cleft is shaped like a flat cylinder (cf. Fig. 2 A) . The calculated concentration of transmitter at the postsynaptic side was used to simulate the current flow through postsynaptic receptors, based on the kinetics of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Jonas et al., 1993) Specifying the source function f(x, y, z, t), the density of transmitter particles at every position (x, y, z) in the cleft and every moment t can be calculated using Eq. 2.
Transmitter release Transmitter release from one vesicle (Bruns and Jahn, 1995) is described by the source function f(x, y, z, t) = q * g(x, y, z)taexp{ -3t},
with a Gaussian g(x, y, z) in the x, y, and z directions, centered at the origin, given by me"brane patch containing receptors (black) dedivddT.
g(x, y, z) = exp{ b-c ) (4) b/2 are variances in x, y, and c/2 in the z direction; q > 0 is a normalization factor; and taexp{-f3t} is an a-type function in time. (The initial variance in the x-,y-direction is limited by the lateral size of the release pore. The variance in the z direction is at least smaller than the cleft width. The geometrical configuration of the model is depicted in Fig. 2 A. The numerical value of b and c (1 X 10-4 (pM)2) turned out to be of minor importance. The diffusion dynamics is ruled by the term (4Dt + b)3'2. For the used range of the diffusion coefficient D and time t we have b/Dt << 1 (the same argument can be applied to c (cf. Fig. 6 ).) f(x, y, z, t) defines the transmitter flow through the vesicle pore into the synaptic cleft. The time course of transmitter release at the vesicle pore is shown in Fig. 2 Bruns and Jahn (1995) Diffusion coefficient of glutamine in water D 7.6 * 10-6 cm2/s Longsworth (1953) The transition rates given in set 1 by Jonas et al. (1993) (0) with their corresponding desensitized states (D, E, and F). The desensitized state (F) is predetermined because the sum of all state probabilities P(X) must equal 1 (P(F) = 1 -P(A + B + C + D + E + 0)). The transition rates are denoted kxy. X is the label of the initial state and Y of the final state.
The set of transition values proposed by Jonas et al. (1993) was adapted to satisfy five constraints: 1) The dose-response curve of the kinetic scheme has to be in reasonable agreement with the dose-response curve of glutamate published by Trussel and Fischbach (1989) for spinal cells. 2) The concentration and time-dependent transition rates have to be in accordance with the range 2 mM-lms-'1 kxy c 50 mM-ms-. 3) k*c should be half of k* to account for the (probable) independent binding of the first and second transmitter molecules to the receptor. 4) The maximum open probability of the receptor should not exceed 80%. 5) The rise time of the miniature currents in spinal slice cultures (Vogt et al., 1995) had to be reproduced. Kinetic schemes obeying these conditions were taken to fit recorded miniature currents. This procedure resulted in the values of Table 2 . The forward transition rates (k*b, k*c, and k* ) are concentration and time dependent. The other transition rates are only time dependent. Averaged concentrations, calculated for a circular postsynaptic membrane patch of variable diameter (see Appendix, Postsynaptic Concentrations), were used in assuming clusters of receptors with various diameters. We did not introduce any temperature corrections and refer only to room temperature. The simulation of the receptor kinetics was performed using MATLAB/SIMULINK of the Mathworks. The precision was 3 bits. Calculations with higher precision did not alter the results.
RESULTS

Effects of different release functions on concentration time course
In many previous models, transmitter release has been assumed to take place instantaneously (Wathey et al., 1979; Bartol et al., 1991; Faber et al., 1992; Holmes, 1995) . However, experimental data on the time course of release of 5-hydroxytryptamine from cultured leech neurons have been presented recently (Bruns and Jahn, 1995 time from relatively high values (18 mM; cf. Fig. 4 A). The concentration peaked within 1 ,us and declined to 10% of its maximum value after 25 ,us. No difference was seen in the temporal concentration profile between a Gaussian or a spherical spatial shape of the source (cf. Fig. 4 A). In contrast, the concentration of transmitter increased slowly in continuous-release models. The peak concentration at the postsynaptic side was reached only after 250 ,s (cf. Figs. 4 A and 7 A) at a much smaller value (0.37 mM) than was seen for instantaneous release. The concentration declined to 10% of its maximum value after 2 ms. Only a small difference was seen in the concentration time course when an a-shaped release function was compared to a step function source. This finding confirms, first, the correctness of our calculation compared to a well-established analytical approach (Carslaw and Jaeger, 1959 ). Second, it shows that for poorly defined release functions the approximation by "release histograms" offers an efficient way of estimating the concentration in the cleft. ("Release histograms" approximate the source function at every time step by its time average.) If the diffusion coefficient in the cleft was lowered (see also next section), a higher concentration of transmitter at the postsynaptic side and a slower decay were seen for all release scenarios (Fig. 4 B) . The concentration declined to 10% of its maximum value 205 ,ts after instantaneous release. It reached a maximum after 290 ,uts and declined to 10% of its maximum value after 2.7 ms for continuous release (Fig. 7 A) . The time course of transmitter in the cleft predicted by the model was used to evaluate the accuracy of the model by comparison to the effects of NMDA antagonists on the time course of NMDA currents in hippocampal cultures (cf. Clements et al., 1992) . When the a-shaped release function was used, the time course predicted by the model was much closer to the reported data than that predicted by an instantaneous release model. Therefore, for the remainder of the simulations, release was assumed to follow the experimentally confirmed a-shaped time course. The concentration profile after a source emitting at every time step at a rate corresponding to the time average of Eq. 5 (Eq. 10). (c) The concentration profile after a-shaped release (Eq. 5).
Spatial distribution profiles for different diffusion coefficients
Because the value of the diffusion coefficient (D) of glutamate in the synaptic cleft is unknown, the spatial distribution profiles of transmitter in the cleft were studied for two values of D. The higher value (3 X 10-6 cm2/s) is usually taken in modeling studies of the diffusion of transmitter in the cleft (Wathey et al., 1979; Busch and Sakmann, 1990; Holmes, 1995) . It is 40% of the measured value for glutamine in water at 250C (7.6 X 10-6 cm2/s; cf. Longsworth, 1953) . The lower value (3 X 10-7 cm2/s) is 4% of the measured value for glutamine in water. Lowering D by a factor of 10 had two effects. First, it increased the concentration of transmitter opposite the release site from 0.37 mM to 1.93 mM (after 290 ,us; see Figs. 4 and 5) . Second, it narrowed the distribution of transmitter in the cleft (Fig. 5) . The spatial decay to 10% of the peak transmitter concentration decreased from 300 nm to 120 nm, 200 /is after the onset of release (see Fig. 5, A and B) . However, even for this low value of D, the cleft was crossed by the transmitter within the first tens of microseconds, thus causing an almost uniform distribution along the cleft width (Fig. 6) . The continuous release function maintained a high concentration of transmitter opposite the release site (Fig. 5 A) . This effect was even more pronounced for low values of D, because of a decrease in the lateral dilution of the transmitter (Fig. 5 B) . For low diffusion coefficients the concentration of transmitter at the postsynaptic membrane was therefore highly dependent on the location relative to the release site (Fig. 5 D) . For patches located directly opposite the release site, the concentration was high, whereas it rapidly declined for more eccentric patches (for high D see (Vogt et al., 1995) . To adjust the glutamate sensitivity of the kinetic model to experimental findings, the concentration-dependent transition rates of the model were modulated to fit the dose-response curve reported by Trussel and Fischbach (1989) for spinal neurons (cf. Fig. 7 C) . The time-dependent transition rates were adjusted to fit the time course of recorded spinal miniature currents (Vogt et al., 1995) (cf. Fig. 7 (Clamann et al., 1991; Dityatev and Clamann, 1993; Isaacson and Walmsley, 1995) . To overcome such analytical difficulties, a method has recently been developed to identify synapses on living cells in culture and to stimulate these synapses by iontophoretic application of transmitter (Vogt et al., 1995) or by evoking the release of transmitter at presynaptic boutons (Bekkers et al., 1990; Liu and Tsien, 1995; Vogt et al., 1995) . These experiments first showed that the major source of variation in the size of quantal miniature currents is located at single release sites (Bekkers et al., 1990; Liu and Tsien, 1995) , and second, that there are many more receptors present at single presynaptic terminals than are saturated by the transmitter released from one vesicle leading to miniature currents (Vogt et al., 1995) . These findings are in contrast to reports on the effect of competitive antagonists on postsynaptic currents. The conclusion of the latter experiments was that postsynaptic receptors are almost fully saturated by the transmitter released from single vesicles (Clements et al., 1992; Tang et al., 1994) . In a previous report we reached a similar conclusion based on nonstationary variance analysis of miniature currents (Vogt et bound molecules in a receptor cluster, 3) the fraction of molecules in the effective volume versus environment, and 4) the fact that a particle sink at the receptor site will be refilled with particles from the environment because of quasi-instantaneous diffusion on a small length scale, <5 nm; see Fig. 6 .) The fact, that the modeling of the miniature currents, although producing good fits for the rising phase, was too slow for the decaying phase (cf. Fig. 7 B) may be explained by the overestimation of the concentration in this phase. In the long time range an equilibrium is established between binding and unbinding transmitter as long as release is going on. This will lead to a persisting shift of the postsynaptic concentration toward lower values. Because the main purpose of our study was to evaluate cross-talk phenomena between neighboring subclusters of receptors due to rapid lateral diffusion of transmitter, the absence of drain functions is something like the worst case in terms of the spatial separation of two subclusters necessary to avoid cross-talk.
A Gaussian function in space and an a-shaped function in time were used as the source function of transmitter. Because no similar data on glutamate release are available so far, the time course of serotonin release in cultured Retzius cells of the leech was combined with the range of values proposed for the concentration of glutamate in synaptic vesicles and in the cleft (Bruns and Jahn, 1995; Clements et al., 1992 (Wathey et al., 1979; Faber et al., 1992; Holmes, 1995; Wahl et al., 1996) , instantaneous and continuous release functions were compared. By using instantaneous release functions, results similar to those as reported by the authors mentioned above were obtained, verifying the reliability of the model. However, regarding the time course of transmitter in the cleft, continuous a-shaped release produced concentrations similar to those proposed for glutamate (Clements et al., 1992; Barbour et al., 1994) in synapses of cultured hippocampal cells. With instantaneous release this was not seen (Wathey et al., 1979; Busch and Sakmann, 1990; Khanin et al., 1994; Holmes, 1995; Wahl et al., 1996) . The decay of glutamate after instantaneous release is too fast. (For an intermediate release model (cf. Wahl et al., 1996 , transmitter diffusing out of the vesicle pore) the concentration profiles were also faster than experimentally observed.) This is a remarkable difference between continuous and instantaneous release. The two sets of kinetic constants proposed by Jonas et al. to fit hippocampal AMPA currents could not be taken unchanged for spinal currents because they predicted currents that were too slow even for a stepwise change to saturating transmitter concentration. Therefore the constants were altered to satisfy the constraints given in the Kinetic Model section above. Under the hypothesis of a saturating glutamate concentration at the postsynaptic side, these constraints could be satisfied with the low diffusion coefficient (3 X 10-7 cm2/s) only (see Figs. 7 A, and 8, C and E). However, they could not be satisfied when the peak postsynaptic concentration of transmitter was lower due to the "normal" diffusion coefficient. When points 1) to 4) wer satisfied under such conditions, the rise time of the currents was too slow (Figs. 7 B, and 8, B and D) . The five constraints also could not be fulfilled when k*, was lowered by a factor of 10 (to 4 mM ms 1) to account for the proportional change in the diffusion coefficient. However, this is not astonishing, because the rate constant is only proportional to the diffusion coefficient when the reaction is mainly diffusion controlled. It is not necessarily the case for activation-controlled reactions. The low value of k*b (<<103 rM-ms-1) suggests that the binding of the transmitter to the receptor is mainly an activation-controlled process (Atkins, 1994) .
Implications for synaptic structure When a hypothetical diffusion coefficient of glutamate in the cleft (D = 3 x 10-6 cm2/s) (Wathey et al., 1979; Busch and Sakmann, 1990; Holmes, 1995) is used, the concentration of glutamate at the postsynaptic membrane at the time of the peak current shows a wide lateral distribution (Fig. 5 , A and C), thus making any substructure of postsynaptic receptors functionally useless. Under these circumstances the open probability of the receptors reaches a maximum of 47% after 0.6 ms (see Fig. 8 B) , with a strong dependence of the open probability on the transmitter content in the vesicle. The high value of D would therefore be in agree-ment with a model in which postsynaptic receptors are not fully saturated during release, and in which the size of the postsynaptic current (and its variance) is determined by the (variable?) concentration of glutamate in the vesicles or by the (variable?) size of the vesicles. It must be noted, however, that this model predicts slower currents than are actually measured. To achieve full saturation of receptors during release, the concentration of transmitter at the postsynaptic membrane must be increased. This can be achieved in three ways. First, the content of transmitter in the vesicle can be higher than 200 mM. Second, release of transmitter can be driven by other forces in addition to pure diffusion. And third, the diffusion coefficient may be lower than assumed, leading to a reduced lateral spread of transmitter and consequently to a higher concentration of transmitter at the receptors located opposite the release site. Although we cannot exclude the first two possibilities, we consider the last possibility the most likely for the following reasons. The content of glutamate in a vesicle was estimated to be in the range of 60-200 mM (Clements et al., 1992) , and we have no reason to question these values. (For physiological reasons the concentration will not exceed the isotonic limit of 300 mM. For concentrations of 200 mM refer to Fig. 8 , B-E (upper traces).) So far there is no experimental evidence for a mechanism other than diffusion driving the release of transmitter. (To our knowledge there is only one report questioning the assumption that diffusion alone governs transmitter release (Khanin et al., 1994) . Their argument is based on the assumption of a very narrow opening of the vesicle.) In contrast, it is reasonable to assume that the diffusion coefficient in the synaptic cleft is lower than expected for pure water, because the cleft is known to contain a fuzzy material, the basal membrane, at least at active zones. This basal membrane could act as a diffusion brake. Because of the narrowness of the cleft, the time the transmitter needs to reach the postsynaptic side is not significantly affected by a lower diffusion coefficient. However, the concentration is higher in a smaller volume because of the lower diffusion rate. A decrease in the diffusion coefficient by a factor of 10 increases the peak open probability to 76% for channels located opposite the release site (cf. Fig. 8, C and E) . Seventy-six percent corresponds to the maximum open probability (79%), which is defined by the channel kinetics and not by the available transmitter (cf. Fig. 7 C) . The profile of the concentration of transmitter at the postsynaptic membrane under these conditions shows a steep decay within a radius of 50 to 200 nm (see Fig. 5 B) . Therefore concentrically situated receptors would be saturated for early times (t < 600 ,us), whereas eccentrically situated receptors outside a radius of 300 nm would be largely unaffected by the transmitter released from one vesicle (cf. Fig. 9 ). For later times (600 ,us < t < 2 ms; see Fig. 9 ) the significant spillover of transmitter to neighboring clusters is only slightly increased to a radius of 400 nm. This is also probably limited by binding of glutamate to uptake molecules. Under these circumstances, subclustering of receptors would be functionally relevant and could account for the conflicting results mentioned in the Introduction. The variability of miniature currents may be explained in this model by independently operating release sites with receptor clusters of variable sizes in one bouton. It is an open question how such an organization of postsynaptic receptors into functionally relevant subclusters may be related to the active zones. Recent evidence from an ultrastructural study (Baude et al., 1995) (Pierce and Mendell, 1993) . These synapses show on average six active zones per bouton (most values are between two and eight). In fetal mouse spinal cord cultures, an average apposition area of 1.9 tLm2 and a mean number of two active zones for intemeuronal synapses and one large active zone for synapses between sensory neurons and interneurons are reported (Neale et al., 1983) . In turtle spinal cord an apposition area of 1.5 ,um2 was found, with 50% of the synapses having more than one (two to four) active zones (Yeow and Peterson, 1991) . In all of these examples the geometry of the synapse would be consistent with an independent function of single release sites. The possibility of having several independent release sites in one bouton throws a new light on the release of multiple vesicles in one bouton. Depending on where the second vesicle is released related to the first, their transmitter can interact with the same cluster of postsynaptic receptors (Tong and Jahr, 1994) , or it can interact with two separate clusters, causing an increase in the efficacy of the synapse. The model is also consistent with the possibility of the facilitation of transmission at neighboring release sites (Faber and Kom, 1988) due to single binding of ambient glutamate to the receptors, although this has not been shown so far for spinal glutamatergic synapses.
CONCLUSIONS
We have shown that in a plausible model of synaptic release and diffusion in the cleft, saturation of postsynaptic receptors and sufficiently fast postsynaptic currents can only be achieved if the coefficient of diffusion in the cleft is one order of magnitude smaller than in aqueous solution. Under this assumption the lateral width of the transmitter distribution in the cleft is narrow and therefore cross-talk effects between neighboring release sites in a bouton with multiple postsynaptic receptor clusters are minimal. Thus an independent function of multiple release sites in one bouton is possible in the absence of lateral diffusion barriers. This may explain the variability of miniature currents originating from one bouton.
APPENDIX Homogeneous diffusion equation
Continuous release is described by the inhomogeneous diffusion equation (Eq. 1). In comparison to Eq. 1, it is sufficient for instantaneous release to consider a homogeneous diffusion equation what is done in this section. The inhomogeneous diffusion equation is considered in the next section. An analytical solution for the homogeneous diffusion equation is presented with a Gaussian initial distribution in space. The result will be used as a reference for transmitter concentration profiles after instantaneous release. Let us consider the density n of transmitter molecules. The time evolution of n is given by the homogeneous diffusion equation To compare our findings to other models based on the diffusion equation describing the release of transmitter, we refer to solutions for other release scenarios given by Carslaw and Jaeger (1959) . We started with Cartesian coordinates in three dimensions to give results that were as general as possible (see Diffusion Across the Synaptic Cleft, above). The special solution for a cylindrical cleft and an elliptical source turned out to be a function of two variables only. Assuming spherical symmetry allows a reduction to one dimension. For an initial distribution of transmitter in a sphere of radius a centered at the vesicle origin with amplitude A, the spherical diffusion equation is solved (Carslaw and Jaeger, 1959 This strategy of solving the inhomogeneous diffusion equation (Eq. 1) can be applied to every source function with the initial value n(x, y, z, 0) = 0. Let us check that Eq. 9 indeed satisfies Eq. 1 with the initial condition. A comparison of the integrand in Eq. 9 with the solution of the homogeneous diffusion equation (Eq. 7) shows that Green's function G(x, y z; t, 0) = (4irDt) exp 4Dt f is a solution of the homogeneous diffusion equation. Obviously the initial condition n(x, y, z, 0) = 0 is fulfilled. To check that Eq. 9 is a solution of Eq. 1, we must differentiate Eq. 9. The time derivation of the upper integration limit converges to the sourcef(x, y, z, t), so that Eq. 9 solves the inhomogeneous diffusion equation (Eq. 1), obeying free boundary conditions at infinity. To compare the distribution after a-shaped release in Eq. 3, we refer to a distribution after constant emitting release. The source is emitting transmitter molecules at a constant rate J at the vesicle pore. The position of the source is indicated by the delta function 8(x, y, z). The initial condition is n(x, y, z, 0) = 0. The corresponding spherical inhomogeneous diffusion equation is solved (cf. Carslaw and Jaeger, 1959) by the complementary error function, erfc, J r n(r, t) = 4TrDr erfc +t (10) where erfc(x) = 1 -erf(x). It turns out that Eq. 10 is a function of the Euclidean distance r = (X2 + y2 + Hz and time. This is the simplest noninstantaneous source one can assume. In Fig. 4 postsynaptic transmitter concentration versus time for continuous and a-shaped release is compared to instantaneous release. The densities n(x, y, z, t) rsp n(r, t) must be modified according to the cleft geometry, applying the procedure in the next section. The transformation into postsynaptic concentrations is presented under Postsynaptic Concentrations, below.
Diffusion in the synaptic cleft
In the synaptic cleft, the transmitter is reflected at the pre-and postsynaptic sides. The boundary conditions tell us that the derivative in the z direction has to vanish (Neumann boundary conditions at z = 0 and z = d),
an an aZz=O aZ zd =0.
( 1 1) This is achieved by the method of reflection. Equation 2 solves Eq. 1 inside the cleft with the initial condition n(x, y, z, t) = 0 and boundary condition Eq. 11. The boundaries in the x and y directions are still free. Each summand in Eq. 2 is finite. For the interesting time range (0 < t < 1 ms) and range of D, it is sufficient to use the central 20 summands, because the contributions of the summands decline rapidly with distance z. With increasing time more terms corresponding to a greater distance contribute significantly to the result. The solution of Eq. 2 is an analytical result. Any source function flc, v, C, T) may be inserted into the integrand. In contrast to Eq. 9, Eq. 2 takes into account the accumulation (by the Neumann boundary condition) of particles at the pre-and postsynaptic membranes. By inserting the source term as given in Eqs. 3 and 4 in Eq. 2, the space integrals are solvable. Integrating over the space variables in Eq. 2 and substituting s = 4D(t -T), we get Eq. 5. (The procedure is identical for x, y, and z. After completing the square in the exponent term, one makes use of the integral r exp{-ax2} dx = )(-r/a)
The two spatial variables x and y are replaced by r to take the cylinder symmetry of the problem into account. In this coordinate frame the diffusion process can be treated as two-dimensional in space (cf. Fig. 2 A) .
The integral off(x, y, z, t) over the cleft (space) and time equals to the amount Q of transmitter contained in one vesicle: J jf f(x, y, z, t)dtdxdydz tLS5/4) calculated for Q = 2000 molecules. Integrating Eq. 5 over z and r, one gets a sum of sources E-_Qj analogous to Eq. 12. Within the synaptic cleft, this means that the integral over the distribution equals the amount of transmitter set free from the vesicle (no particle sources or sinks).
Postsynaptic concentrations
To reconstruct postsynaptic currents and to compare them to experimentally recorded currents, the concentration of transmitter at the postsynaptic membrane must be calculated. For a circular patch of postsynaptic membrane with a given radius r,Yl, the transmitter densities (Eq. 5) can be transformed into concentrations as follows. One must specify the radius of the patch rcy1 and the height h of the transmitter cylinder interacting with the receptors (cf. Fig. 2 A) . (By the uniformity of the transmitter density over the cleft width (cf. Fig. 6 ), the numerical value of h is of minor importance.). Integrating the density according to Eq. concrec(rcyl, h, t)
